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Abstract

In this paper, colloidal gold nanoparticles (GNPs) were synthesized by Nd:YAG (1= 1064 nm) pulsed laser-assisted reduction
(PLAR) of aqueous [AuCl,]". In this process, during laser ablation of a Mo target in DI water, a [AuCl,]~ precursor solution
was being added dropwise in situ. UV—Vis absorption spectra showed distinct plasmonic absorption bands at 209 and 530 nm
corresponding to Mo nanoparticles (NPs) and GNPs, respectively. Furthermore, no significant conversion for [AuCl,]~ was
found when it was added to aged Mo NPs or when it was irradiated in the lack of the Mo target. Using transmission electron
microscope (TEM) images, it was found that precursor concentration and laser-ablation time can affect the population or size
of GNPs. In PLAR with a small amount of KI solution in water, the GNPs size increases to~50 nm via an iodine-induced
particle fusion mechanism. The reduction mechanism was discussed based on metastable species intercation, producing the

cavitation bubble during laser ablation.

1 Introduction

Notable attention has been paid to gold nanoparticles
(GNPs) synthesis, science and applications over the past few
years [1-7]. Many papers on the synthesis methods based
on reducing the gold precursors such as [AuCl,]™, mostly
attempt to control shape, size, size uniformity, purity, and
stability of GNPs [8, 9]. In addition, special attention is paid
to being single-step, environmental compatibility, and cost-
effectiveness in the synthesis route. Reducing [AuCl,]™ by
chemical agents has been vastly used as a common chemical
approach with desirable control on nanoparticles formation
[10-15]. However, the long-term toxicity of the used sol-
vents in the chemical method is one of the unsolved envi-
ronmental problems [8, 16-18].

Today, pulsed lasers are used to process materials and
promote many chemical processes [8, 19-33]. Pulsed laser
irradiation of a target immersed in a liquid generates cavita-
tion bubble, shock waves, and secondary photons followed
by NP growth, solution reduction, and the target-solution
combination [18, 34-48]. Major advantages of laser-based
methods are producing surfactant-free long-term stable
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colloidal solutions of NPs, functional NPs for in situ func-
tionalization, and highly pure final products [49].

As a physicochemical synthesis technique, PLAR has
been frequently studied by multiple groups to make variety
of NPs such as Au, SiO,, Pt/Co, Cu, Zn, Carbide, Fe/Au
alloy components, etc. [50-61]. For example, John et al.
have reported fabrication of silica-GNPs using a femto-
second laser irradiation of a silicon target in a KAuCl,
solution. They attribute silica-GNPs formation to reduc-
tion of [AuCl,]” via dense electron plasma formation
prior to the silicon species ejection from the target [59].
Irradiation of [AuCl,]™ solution directly with a 532 nm
nanosecond laser by Rodrigues et al. has produced uni-
form 5 nm GNPs via a plasmon-mediated photother-
mal catalytic growth [54]. Roske et al. have conducted
laser irradiation of Cu and Zn targets in water or aque-
ous solutions of Cu and Zn [61]. In contrast to possible
metal oxide formation in water, they have observed for-
mation of more complex phase-pure nanomaterials such
as CuCl,, Cu,CI(OH);, Zns(OH)¢Cl,-H,0, or layered zinc
hydroxide nitrate, Zns;(OH)g4(NO;),-2H,0 in solutions. Hu
et al. have developed tandem laser ablation synthesis in
solution-galvanic replacement to make PtCo nanoalloys
with different degree of alloying by controlling pH and
the precursor concentration [60]. Furthermore, Dai et al.
irradiated tungsten target installed in the HAuCl, solution
with a 1064 nm pulsed laser and obtained Au-decorated
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WO, with enhanced ethanol sensing performance [62]. We
also conducted PLAR using W, Au, and Ag target-ablation
in PdCl, or FeClj, solution in which NPs of Pd/WO; [63],
Pd/Ag and AgCl, [64], Pd/Au [65], and Fe/Au [66] have
been obtained.

Although numerous studies have been done so far, fur-
ther experiments, using a broader range of target/solution,
could shed more light on PLAR technique. Recent works
by others and us has established that a colloidal solution
of MoO;_, NPs could be able to reduce aqueous HAuCl, to
GNPs without any reducing or stabilizer agent [17, 67]. To
our best knowledge no paper on PLAR has been published
yet with Mo/[AuCl,]™ system. Therefore, for further stud-
ies, it might be possible to apply PLAR of [AuCl4]~ with
a Mo target.

The primary aim of this paper is to investigate exper-
imentally GNP formation by PLAR using a Mo target.
We explore the relationship between synthesis conditions
such as precursor concentration, ablation time, adding
surfactant, and different targets. TEM, XRD and UV-Vis
were the characterization methods. Our overall investi-
gations are helpful to develop laser material processing
concept for fast, single-step and green NP fabrication
approaches.

[AuCl,]- ¢
)

Lens

1064 nm beam

DI water
or KI solution

Nd:YAG pulsed laser

Mo target

Fig. 1 Experimental setup scheme of the PLAR of gold precursor.
GNPs are produced by in situ dropping of [AuCl,]™ into DI water
during pulsed laser ablation of the Mo target. Other samples were
prepared by adding KI into water

Table 1 Sample names and preparation conditions

2 Materials and methods
2.1 Nanoparticle synthesis

Figure 1 shows a schematic representation for the
PLAR experimental setup. NPs were prepared by PLAR
of [AuCl,]” solution using a Nd:YAG pulsed laser
(A=1064 nm, pulse-width z=20 ns, 600 mJ average
pulse energy, and 10 Hz repetition rate). The laser beam
was normally focused into a 2 mm? spot on a Mo target
(99.99% purity) immersed into stirring 100 ml (80 mm
liquid layer) of DI water. The gold precursor solution
was prepared by dissolving HAuCl, powder (purchased
from Sigma Aldrich and used as received) in DI water.
25 ml HAuCl, stock solution with 30, 50, 70, 90, 100,
200, 300, and 400 uM was added drop-by-drop during the
laser exposure (in situ adding). In all of the processes,
the total HAuCl, dropping time was set to the entire laser
irradiation time. The final Au concentrations in all irra-
diated solutions were 6, 10, 14, 20, 18, 20, 40, 60, and
80 uM. Table.1 shows the sample name and their prepara-
tion conditions. For example, the sample denoted by Sgo
means ablation for 30 min with a 6 pM [AuCl4]~ final
concentration. During in situ dropping of the precursor,
the base DI water gradually colored to violet, indicating
formation of GNPs.

To investigate the effect of aging, 25 ml of 200 uM
(final 40 uM) HAuCl, solution was added to 100 ml of
a Mo colloidal solution 60 min after the end of ablation
process (S,geq)-

For investigating the effect of iodine on GNP growth,
a base solution was made by adding 0.5 ml of 0.01 M
KI solution to 100 ml DI water. For this case a 25 ml of
400 uM HAuCl, (final 80 uM irradiated solution) was used
as dropping gold precursor (Sk; in Table.1).

Sample name Medium [AuCl,]™ final Adding method Ablation time (min) Target
concentration
52 ) 100 ml DI water 0 - 30 Mo
Saged 100 ml DI water 40 uM After aging 30 Mo
ng* 100 ml DI water +25 ml HAuCl, 80 uM - 30 -
Sgaso 100 ml DI water 6, 10, 14, 20, 18, In situ dropwise 30 Mo
20, 40, 60 and
80 uM
528_90 100 ml DI water 80 uM In situ dropwise 30, 45, 60, 75 and 90 Mo
Ski 100 ml DI water + KI 80 uM In situ dropwise 30 Mo
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2.2 Characterizations

For obtained nanoparticle solutions, optical absorption spec-
tra were measured in a 1-cm wide quartz cuvette using a
Perkin-Elmer (Lambda25) UV-Vis spectrophotometer in
the 190-1100 nm wavelength range. The TEM and SAED
analyses were performed by Philips CM30 TEM apparatus.
XRD pattern was acquired by Phillips XPERT X-ray diftrac-
tion apparatus at 26 range of 10-80°.

3 Results and discussions
3.1 The effect of precursor adding method

We attempt to explore the nature of colloidal nanoparticles
obtained by laser ablation of Mo in DI water by UV—Vis
spectrophotometry. Figure 2a indicates the absorption spec-
tra for sample Sgo(see Table 1) at different aging period. For
all the aging time, there is no observable absorption in the
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Fig.2 a A photographic image and optical absorption spectra of
5(3)0 at different aging times from 5 to 70 min. The peak at 209 nm is
attributed to plasmonic absorption of metallic Mo NPs. After addition
to low concentration H,0O, a shoulder at near 480 nm appears. The
optical absorption spectrum of H,0, is also shown for comparison.
b A typical TEM image along with a SAED pattern and ¢ XRD pat-

300-800 nm region and the solution is highly transparent.
However, a sharp absorption peak exists at 209 nm attributed
to plasmonic or inter-band transition absorption of metallic
Mo [68]. On the other hand, if defective Mo oxide (M0O;_,)
presents it would exhibit a broad band absorption peak in
400-1100 nm region due to the collective oscillation of elec-
trons (the plasmonic effect) trapped in O vacancies [69-73].

A typical TEM image with its corresponding SAED
pattern (inside part (b)) taken from the sample S(s)o reveals
50 nm crystalline NPs. The SAED analysis reveals formation
of crystalline Mo and MoO; compounds during the laser
ablation process. Any attempt to detect the presence of Mo
or Mo oxide in the XRD pattern (Fig. 2c) failed because the
amount of material available is probably below the sensitiv-
ity limit of used XRD machine. Nonetheless, adding H,0, as
a strong oxidation agent, red-shifts the spectrum consider-
ably and causes the appearance of a sharp absorption edge at
about 430 nm. The absorption edge is equivalent to a 3.2 eV
band gap, indicating that a MoO; composition is formed
only if an oxidant is added [74]. However, the observed
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tern of nanoparticles in sample Sy;,. d Comparison of optical absorp-
tion spectra of Sy, S and S5). Inside shows a photographic image
of sample S%. e TEM image and SAED pattern of GNPs in S0. The
Inset shows a particle attributed to molybdenum. f A typical XRD

pattern of GNPs in sample S5
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sharp absorption edge could be intrinsically attributed to
hydrogen peroxide absorption spectrum. To understand this,
the pure spectrum of H,0O, used in our study is also shown
in Fig. 2a. As can be seen, the spectrum of H,0O, has and
absorption edge at 340 nm, which does not overlap the other
spectra.

When [AuCl,]™ is added to sample 530 after finishing laser
ablation (= S,,.4), no remarkable absorption peak appears
(Fig. 2d). However, as Fig. 2d shows for sample Sgg, when
[AuCl,]™ is being dropped into the DI water during laser
ablation of Mo (in situ method), the ablation environment
turned purple and an absorption peak at 530 nm (Fig. 2d)
appears indicating successfully formation of GNPs. This
observation suggests that the in situ route likely allows the
dropping gold precursor to interact with the plasma plume.
Generally, in many chemical reactions the solvents should
be added slowly drop-by-drop to prevent undesirable effects
such as precipitation, thermalization, etc. In our case, to pre-
vent any possible reaction between the precursor and the Mo
target, we slowly dropped the gold salt solution in other part
of experiments. In addition, the pre-added salt solution may
reduce the laser power on the target surface.

It is demonstrated that, direct laser-[AuCl,]™ solution
interaction has led to GNP formation [54]. However, as
Fig. 2d (sample S30*) shows, no Au LSPR absorption peak
appears when [AuCl,]™ solution exposed to our 1064 nm
laser beam in the lack of Mo target. Rodrigues et al. have
reported that no [AuCl,]” conversion occurs when being
irradiated with 1064 nm pulses, while a 532 nm wavelength
is able to do the conversion process [54]. They attributed
the particle growth to an autocatalytic reduction kinetic via
thermal dissociation of [AuCl,]” by two or three photon-
excitation at 532 nm and subsequently photothermal heat-
ing via surface plasmon absorption by newly formed GNPs.
Therefore, it is likely that the presence of a target has distinc-
tive role in the in situ reduction rout by 1064 nm wavelength.

TEM image of sample S5, Fig. 2e, shows a chain of
spherical NPs with 10 nm mean size [75], and the SAED
pattern reveals the FCC structure of metallic gold. Inside
the figure shows a~ 35 nm hexagonal Mo particle with small
spherical particle attached to its surface. Zamora et al. have
attributed such configuration to a MoO,/Mo combined with
a tiny oxide layer [68]. In part (f), the XRD pattern of sample
S§8 represents (111) (200) (220) and (311) peaks, in agree-
ment with the SAED pattern, related to the FCC cubic crys-
tal structure of gold (JCPDS card number 00-001-1174).

3.2 The effect of the precursor concentration
and ablation time

Following investigates the effect of [AuCl,]™ concentration

and ablation time on the GNPs’ morphology and plasmonic
properties. Figure 3a shows the GNPs absorption spectra and
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absorption maximums for samples Sga 80 From the data, it
can be seen that the Au plasmonic peak intensifies almost
linearly in the 6-40 uM range, meeting the Beer—Lambert’s
law [76]. Then it does not change considerably at higher con-
centrations which likely needs longer ablation time. Com-
paring TEM images of S5, (Fig. 3b) with S (Fig. 2e) reveals
that when concentration increases from 6 to 80 uM, the size
of particles increase from 4 to 10 nm. TEM image of Sgo also
exhibits a more uniform size distribution compared to S5,

Above results, indicate that the conversion process can be
limited by the ablation time. To account for the effect of the
ablation time, the PLAR process was performed with 30, 45,
60, 75, and 90 min ablation at a constant concentration (sam-
ples S§8_9O). Figure 3c illustrates the corresponding absorp-
tion spectra and the maximum absorptions vs. time. Clearly,
the absorption increases with ablation time up to 75 min and
then remains almost constant. Furthermore, comparison of
Fig. 3a, ¢ implies that samples S50 and S5 show optimal
states in which the minimum time for complete conversion
is satisfied. This also suggests that doubling of concentra-
tion from 40 to 80 uM, doubles the required time for laser
processing (from 30 to 60 min).

Figure 3d shows the TEM image and a size distribution
histogram for Sgg. Comparing it with TEM image of Sgg
(Fig. 2e) indicates that for a constant concentration, as the
time increases from 30 min (Fig. 2e) to 75 min, the average
particle size remains almost 10 nm, but the particles popula-
tion clearly increases with irradiation time.

3.3 The effect of adding KI

Aggregation of noble metal nanoparticles is usually unde-
sirable and should be avoided. Literature shows that the
adsorbed iodine on GNPs, persuade them to aggregate or
fuse through a surface charge neutralization process [77, 78].
Therefore, it is expected that adding an iodine like KI solu-
tion to the ablation medium affects the size or agglomeration
of GNPs. Figure 4c compares the Au plasmonic absorption
peaks in the absence (S5)) and presence of KI (Sk;).

From the presented data in the figure, it is apparent
that small amount of KI solution dramatically enhances
the plasmonic absorption. The KI solution was intrinsi-
cally transparent and, of course, for providing more evi-
dence their optical absorption spectra were also recorded
separately. As can be seen, there are no specific absorp-
tion peaks for KI solution. Furthermore, TEM images of
the sample prepared with KI (Fig. 4d) represent individual
GNPs of 50-60 nm mean size, about 10 times bigger than
that of with pure DI water (Fig. 2e). Having different con-
trasts, binary NPs were detectable in various TEM images
of the sample made with KI (Fig. 4d, right panel) probably
originating from a Mo to Au nanoparticle fusion. One can
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Fig.3 Optical absorption spectra and peak intensity vs. concentration
for samples S5% (a), and a typical TEM image taken from S5 . lower
panel indicates the photographic images for samples Sga 80 ¢ Optical
absorption spectra for samples S§8_90. d TEM image corresponding
to S;‘g. Lower panel: a photographical image of different sample with

express that the chemisorbed iodine atoms on newly formed
GNPs increase the van der Waals attraction forces between
the iodine-coated NPs acting as a “glue” leading to particle
fusion to make bigger gold or even binary NPs. Moreover,
during irradiation the Mo target, destabilized Au-iodine par-
ticles could grow to larger sizes or attached to other type of
nanoparticles as TEM shows (see dashed circle). Re-irradi-
ation may also occur for molybdenum species ejected into

increasing [AuCl,]™ concentration. (The true color deepness of the
samples increases with increasing the gold salt concentration, how-
ever, the visual difference has been due to the lack of proper lighting
during taking photo)

the ablation liquid, exited them to higher chemical activity
states (Eq. 1), and enable them to reduce gold cations [79].

In laser-assisted reduction process, the mechanism for
gold nanoparticles formation can be attributed to surface
reduction reactions in the presence of particles or clusters.
In this mechanism, after the interaction of laser beam with
target, a cavity bubble is formed, in which the metastable
species of the target material (Mo") and environment (H20*,
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Fig.4 a Comparison of optical absorption spectra of 828 and S;. The spectrum of KI solution is also shown for comparison for which no intrin-
sic absorption bands exist. b TEM images of NPs in Sg; taken from different points. Dashed circle indicates formation of binary NPs

[AuCl,]™") are created. Generally, pressure and species
density in this cavity bubble become high so that the ther-
modynamic conditions reach a non-equilibrium state [16].
These non-equilibrium thermodynamic conditions lead to
ultra-complex chemical reactions that are not possible in
the normal thermodynamic condition [18]. The proposed
formation pathway of metastable species of Mo can briefly
formulated as follows [80]:

Mobulk + hv —- Mo
Moplasma - Mocluster

XMoyer + (m + n)H,0 - Mo, 0,, - nH,O0 + mH,0 1t (1)
Mo,0,, - nH,0 — 2nH* + [Mo,0,,,,]*"”

plasma

m+n
2n— (2ny)—
y[MOxOn+m] - [MOXYO(WH'")Y] :

The freshly prepared metastable molybdenum oxide
isopoly anions are extremely reactive and ready to play the
reducing role versus metal anions.[AuCl,]™ in the environ-
ment, can be reacted and reduced by the metastable species
created by the cavity bubble:

H* [AuCly] ™ + [Mo, 0] ™

— Au’ 4+ 4CI™ + 2H* + oxidation products. (2)

Due to acidity of the prepared solutions, there may be
the possibility of instantaneous formation of mplybdate
solutions, M0,0,,°~ Mo,08; and Mog0,5" MO which
are the predominant complex species in pH 3-5 [81]. Even
though there is no evidence in our data, these isopolyanions
are not reducible and observable in crystal structure and
morphological analysis [81]. This suggests the possible rea-
son for not observing the crystalline structures of molybde-
num oxide by XRD (Fig. 5).

@ Springer

Laser beam

Qg [AuCL]

Fig.5 A schematic representation of mechanism for laser-assisted
reduction of [AuCl,]™

4 Conclusion

In summary, GNPs of < 10 nm dimension have been pro-
duced via a green method based on PLAR of HAuCl,
solution. In this method, the precursor solution was added
drop-by-drop simultaneously with the laser ablation of Mo
target in DI water, which provides a desirable size distri-
bution histogram. Moreover, it was found that the shape,
dimension, and size distribution of the obtained GNPs can
be manipulated by precursor concentration, ablation time
and adding chemical such as KI.

Acknowledgements Authors would like to thanks Mr. A. R. Shafiyan
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